The application of existing optical coherence tomography (OCT) technology to the pediatric population is limited in both the design specifi cation of the device and its hardware. However, the potential of OCT in the pediatric population has not been fully realized. The authors review the literature, highlighting the currently available spectral-domain OCT technology and summarizing the reported normal pediatric OCT parameters for retinal nerve fi ber layer and macular thickness. They also review the pediatric ophthalmological conditions in which OCT has been used and discuss advancements in OCT design and their potential applications to the pediatric population. The use of OCT in pediatric populations is likely to increase greatly in the coming years, aiding clinical decision-making and providing new insights into pediatric disease pathophysiology.
INTRODUCTION
In the past decade, optical coherence tomography (OCT) has not only gained popularity in the practice of clinical ophthalmology, but its parameters serve as endpoint measures in many large multicenter clinical trials. 1, 2 The popularity of OCT is largely because of its properties as a noninvasive investigative technique, its speed of image acquisition, and its ability to provide clinically relevant and reproducible measures useful in the diagnosis and monitoring of disease. In adult populations, OCT was initially adopted for assessment of diseases with subtle clinical fi ndings, such as abnormalities of the vitreoretinal interface. 3 With the introduction of new pharmacotherapies for age-related macular degeneration (AMD), and more recently for retinal vascular diseases such as diabetic macular edema (DME), its use has become ubiquitous among retina specialists. In contrast, the use of OCT in pediatric populations has lagged behind that in adult populations. This may be explained in large part by the differing nature of diseases affecting pediatric populations, with the absence of a major disease such as neovascular AMD driving adoption. Limitations of OCT devices may also be a contributing factor, however, leading to diffi culties in acquisition of OCT images in noncompliant younger children and infants. Furthermore, OCT image acquisition protocols are currently focused on scanning of the macula, a potential disadvantage given that many pediatric ophthalmic diseases involve extramacular pathologies.
The application of existing OCT technology to the pediatric population is limited both in the design specifi cation of the machine and in its hardware. The size of the machines, the height and position of their headrests, the time taken to acquire images, and sensitivity to small changes in positioning often preclude use in a moving child. As a result, OCT is sometimes performed in anesthetized children (an invasive requirement that signifi cantly impacts the frequency of usage). In anesthesia, the requirement for supine positioning may also lead to changes in the anatomical positioning of normal ocular structures (eg, the lens and ciliary body) and fl uctuations in pathologic features (eg, fl uidic shifts in the cases of edema or subretinal fl uid). This may affect OCT's ability to accurately assess disease activity and make direct comparisons with adult populations diffi cult.
Rapid advances in OCT technology, with enhanced image acquisition speeds and wide-fi eld technology, may allow OCT to be used as a routine investigative tool in the pediatric population in the near future. In this review, we summarize the pediatric ophthalmological conditions in which OCT has been used and discuss advancements in OCT design, and their potential applications in pediatric patients.
CURRENT TECHNOLOGY

Spectral-Domain OCT
Stratus OCT (Carl Zeiss Meditec, Dublin, CA), the fi rst OCT system to be widely adopted by ophthalmologists, provides images with relatively high axial resolution (~10 μm in tissue). However, the major limitation of Stratus OCT is its need for a moving reference mirror and thus a relatively slow image acquisition speed (400 A-scans per second). In Stratus OCT, A-scans are acquired as a function of time, and thus such devices are often referred to as timedomain OCT (TD-OCT). More recently, commercial OCT systems have employed techniques to measure OCT A-scans as a function of frequency, and this generation of OCT technology is referred to as spectral-domain or Fourier-domain OCT. The major advantage of this approach is a greatly enhanced image acquisition speed, 50 to 100 times faster than Stratus OCT. 4 Greater speed also allows more of the retina to be sampled in a single image set and may also facilitate OCT image acquisition in pediatric populations. Commercially available spectral-domain OCT (SD-OCT) devices (eg, Spectralis, Heidelberg Engineering, Germany) have also incorporated eye-tracking technology. Using this technology, multiple images can be obtained from the same location and averaged to enhance visualization of fi ne structures. 5, 6 Real-time eye tracking also compensates for many of the involuntary eye movements that can occur during image acquisition and result in motion artifacts, which may prove useful in poorly compliant pediatric populations.
Handheld and Intraoperative OCT
SD-OCT has been successfully converted into a handheld device by disassembling the camera unit from the base (by removing the M6 Allen screw from the rotational bearing at the bottom of the arc guide). Subsequently, the camera head turns free and is supported by holding the camera handle at the back of the mount and gently lifting it off the base of the instrument. This modifi cation enabled the imaging of supine and unanesthetized infants in the offi ce. 7, 8 Intraoperative SD-OCT has provided new insight into the changes to retinal anatomy during macular surgery. The use of microscope-mounted SD-OCT has enabled wide-fi eld noncontact real-time crosssectional imaging of retinal structure and augmented intrasurgical microscopy for intraocular visualization. 9, 10 This technology may be of particular interest for use in children.
Anterior-Segment OCT
Anterior-segment OCT (AS-OCT) is a noninvasive technology capable of capturing high-resolution images of the anterior segment, particularly of the cornea and anterior chamber angles. Because AS-OCT requires less patient cooperation relative to ultrasound biomicroscopy, it may prove particularly useful in pediatric populations. 11 Despite this, its potential in this regard remains largely untapped.
HEALTHY PEDIATRIC POPULATIONS
To make full use of the OCT information, a comparison with age-matched population-derived normative data is needed to identify deviations from the normal range. Unfortunately, only limited information is available for healthy human populations younger than 18 years of age. Normative pediatric OCT data should facilitate the use of OCT in assessing childhood glaucoma and a variety of other pediatric ocular diseases.
Using Stratus OCT, Samarawickrama et al., recently reported the results of the Sydney Childhood Eye Study, a population-based study examining childhood eye conditions in Australia. 12 During the 2003-2005 period, students in grades 1 (median age: six years) and 7 (median age: 12 years) were examined. This study concluded that normal children, 6 and 12 years of age and of East Asian ethnicity, had a signifi cantly thicker retinal nerve fi ber layer (RNFL) -3% and 12%, respectively -when compared to those of European Caucasian ethnicity (P < .001). El-Dairi et al collected a normative database of RNFL thicknesses in the eyes of 286 healthy children aged 3 to 17 years using Stratus OCT. 13 Black children had a larger RNFL thickness, when compared with white children.
Leung et al studied the normative RNFL thickness values of 104 children in Hong Kong, aged between 6 and 18 years, using Stratus OCT.
14 In these children, the thickness of the RNFL showed a signifi cant negative correlation with the axial length of the eye. Salchow et al measured the peripapillary RNFL thickness in 92 eyes of 92 healthy children (ages 4 to 17 years) by using OCT. 15 They observed a large variation in RNFL thicknesses in healthy children, with a signifi cant refractive effect on measurements.
Ahn et al 16 studied the RNFL thickness in 144 eyes of 72 healthy Korean children and adolescents (ages 9 to 18 years) using Stratus OCT. The mean RNFL thickness was 105.5 ± 10.3 μm. The Table summarizes the stratus OCT RNFL normative values in pediatric populations, which are similar to the range (99 to 103 μm) reported in the adult TD-OCT literature. [17] [18] [19] [20] [21] [22] Recent studies have used SD-OCT to evaluate RNFL thickness in healthy children. Turk et al 24 reported an average RNFL thickness of 106.5 ± 9.4 μm in 107 healthy Turkish children. Tsai et al 25 reported an average RNFL thickness of 109 ±10 μm in 470 healthy Chinese children. Those values are slightly higher than the adult range (97 to 102 μm) reported by SD-OCT studies. [26] [27] [28] Using TD-OCT, Samarawickrama et al 12 reported central macular thickness of 192.5 μm for the 6-yearold healthy group and 197.5 μm for the 12-year-old healthy group. El-Dairi et al reported the central macular thickness as 189 μm by using TD-OCT in healthy children. In their study, black children had a smaller macular volume and reduced foveal thickness when compared with white children. 13 Turk et al reported central macular thickness of 211.4 μm in healthy children by using SD-OCT.
24
AMBLYOPIA AND STRABISMUS
Amblyopia is characterized by unilateral or bilateral decreased visual acuity, which is caused by abnormal binocular interaction or visual deprivation during the development of vision. 29 There has been inconsistency about the involvement of the retina and optic nerve in amblyopia. Recent studies have used OCT in pediatric populations to investigate whether decreased visual acuity in amblyopia can be correlated with anatomical abnormalities in macula and RNFL.
Al-Haddad et al studied the macular thickness in amblyopia using SD-OCT. 30 Central macular thickness was signifi cantly increased in children with anisometropic amblyopia. Anisometropia alone did not produce this difference, pointing to a possible correlation between amblyopia and the development of the retinal layers. Furthermore, Liu et al found that some children with various types of amblyopia who had failed to achieve normal visual acuity after treatment showed thickened RNFL in the macular area with no fovea on OCT examination. 31 Interestingly, Pang et al concluded that children who have amblyopia and unilateral high myopia tend to have a thicker fovea and thinner inner and outer macula in the amblyopic eye compared with the healthy fellow eye. 32 Future studies are warranted to determine whether the mechanism of the macular changes is due to high myopia, amblyopia, or a combination of the two.
Many studies have demonstrated no difference in the OCT-measured RNFL thickness in amblyopic eyes compared with healthy fellow eyes of children with strabismic amblyopia. 30, 33, 34 Yen et al observed a thicker RNFL in amblyopic eyes compared with sound eyes of children with anisometropic amblyopia. 33 Nevertheless, Al-Haddad et al and Repka et al found no such difference. 30, 34 GLAUCOMA Diagnosis and monitoring of glaucoma are more diffi cult in children than adults because of the chal- lenges in obtaining reproducible and reliable IOPs and visual fi elds in the pediatric population. 35 Pediatric glaucoma is typically categorized by age of onset into three types: congenital (infants younger than 3 months old), infantile (between 3 months and 3 years of age), and juvenile (between 3 and 35 years of age). Infants with congenital or infantile glaucoma are usually examined under anesthesia because of the technical diffi culties encountered with using OCT in such a noncompliant group of patients. Therefore, there is a lack of OCT literature in congenital and infantile glaucoma, whereas many OCT studies have evaluated children with juvenile glaucoma. Figure 1 demonstrates the Spectralis RNFL map of the left eye of a 15-year-old girl with juvenile glaucoma and delineates the superotemporal and inferotemporal RNFL thinning.
Using Stratus OCT, children with juvenile glaucoma were found to have thinner RNFL and macula when compared to healthy peers. 36 Furthermore, RNFL and macular thickness declined with progression of glaucomatous damage. 37 Those fi ndings support the value of OCT in the early diagnosis and monitoring of pediatric glaucoma.
PEDIATRIC CHORIORETINAL VASCULAR DISEASE
Retinopathy of Prematurity
Retinopathy of prematurity (ROP) is characterized by vasoproliferative retinopathy and occurs almost exclusively in infants born prematurely. Maldonado et al found cystoid macular edema (CME) in more than half of the neonates with ROP by using handheld SD-OCT. 38 Baker et al used OCT to study eyes with ROP that had no signifi cant macular pathology on ophthalmoscopy and demonstrated subclinical changes in foveal anatomy, including relative loss of foveal depression, increased macular thickness, and preservation of inner retinal layers within the fovea. 39 Macular abnormalities that are evident on OCT, which are not always seen on ophthalmoscopy, may explain poor visual outcome in many of these patients.
It has been hypothesized that macular edema in eyes with severe ROP could be either a mechanical traction exerted on the macula or a response to biochemical modulators, including higher concentrations of vascular endothelial growth factor (VEGF), which could facilitate increased vascular permeability leading to retinal edema. 38 In a study of 27 cytokines in the vitreous of 27 eyes of 19 infants with stage 4 ROP, VEGF was found to have the strongest correlation with vascular activity in the disease. Nevertheless, it is diffi cult to obtain vitreous samples from infants with ROP to monitor the progression of the disease. 40 OCT provides a noninvasive alternative with the ability to detect traction on the macula and quantify macular edema. Future OCT studies should focus on whether the OCT morphological fi ndings 
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can serve as a useful predictor of future visual acuity and development of visual pathway and cortical mapping. Measurement of choroidal thickness using OCT may also be of interest.
Coats' Disease
Coats' disease is an idiopathic disease characterized by vascular abnormalities of the retina. It typically presents as telangiectatic and aneurysmal retinal blood vessels associated with subretinal and intraretinal exudation and often subtotal or total exudative retinal detachment (Figures 2 and 3) . 41 Kaul et al used OCT to quantify the resolution of CME in a 16-yearold boy with Coats' disease after intravitreal injection with anti-VEGF (pegaptanib sodium). 42 Using OCT, the absence of vitreoretinal traction was confi rmed in a full thickness macular hole encountered in a 9-yearold boy with Coats' disease. 43 Hence, the chronic macular exudation from telangiectatic vessels in the setting of Coats' disease could have caused cystoid degeneration of the inner retinal layers and resulted in a full-thickness macular hole. 
Choroidal Neovascularization
Kohly et al reported the results of pediatric choroidal neovascular membranes secondary to a variety of etiologies treated with intravitreal anti-VEGF agents. Progress was monitored by clinical exam, OCT, and fl uorescein angiography. By using OCT, they were able to quantitatively prove that anti-VEGF agents were effective in the treatment of pediatric choroidal neovascular membranes in this case series. 44 
Toxoplasmosis
Ocular toxoplasmosis results from retinal infection with the Apicomplexan protozoan Toxoplasma gondii. Toxoplasmic retinochoroiditis is the most common form of posterior uveitis in many countries. 45 The infection can be congenital or acquired. Toxoplasma retinochoroiditis typically affects the posterior pole, and the lesions can be solitary, multiple or satellite to a pigmented retinal scar. Active lesions present as grey-white focus of retinal necrosis with adjacent choroiditis, vasculitis, hemorrhage, and vitritis. The prognosis of ocular toxoplasmosis is usually good in immunocompetent individuals, as long as the central macula is not directly involved. 46 Garg et al used OCT to document the appearance of macular toxoplasmosis scars in 13 eyes of 10 consecutive patients (average age: 13 years). 47 OCT features included retinal thinning, retinal pigment epithelial hyper-refl ectivity, excavation, intraretinal cysts, and fi brosis. In patients with better than expected visual acuity, parafoveal lesions or an intact neurosensory layer were seen on OCT.
Shaken-Baby Syndrome
Shaken-baby syndrome is an important complication of child abuse. It is most common in children younger than 3 years old. It has been reported that 30% to 40% of children subjected to child abuse will have ophthalmic sequelae. 48 Hand-held SD-OCT can provide invaluable high-resolution imaging of the vitreoretinal interface and retina in infants with shaken-baby syndrome and reveal vitreoretinal abnormalities not easily detected on clinical examination that may be indicative of poor visual outcome. 49, 50 The most frequent OCT findings in shaken-baby syndrome were preretinal and multilayered retinal hemorrhages, perimacular folds, focal posterior vitreous separation with multilayered hemorrhagic retinoschisis, disruption of the foveal architecture, and foveolar detachment. [48] [49] [50] [51] Those OCT findings supported the pathophysiological theory of a direct mechanical effect caused by preretinal blood accumulation, localized vitreous detachment, and vitreoretinal traction.
INHERITED RETINAL DISORDERS
Albinism
SD-OCT has been used to study the spectrum of foveal architecture in pediatric albinism and clarify the morphology of foveal hypoplasia seen clinically in ocular albinism (Figure 4) . 52 Some of the abnormalities noted on OCT were the persistence of an abnormal highly reflective band across the fovea, multiple inner retinal layers normally absent at the center of the fovea, and loss of the OCT demonstrated the persistence of an abnormal highly refl ective band across the fovea, multiple inner retinal layers normally absent at the center of the fovea, and loss of the normally thickened photoreceptor nuclear layer usually encountered at the fovea.
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normally thickened photoreceptor nuclear layer usually encountered at the fovea. The optic nerve was also elevated in multiple eyes of individuals with ocular albinism.
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Leber Congenital Amaurosis
Leber congenital amaurosis is an autosomal recessive inherited retinal degenerative disorder that causes an infant to be born with severely impaired vision. Photoreceptors are lost across a wide region of human central retina as early as the fi rst decade of life in children with the disorder. 53 Assessment of visual function is often diffi cult in infants, leading to a prominent role for electrodiagnostic testing such as electroretinography. OCT may function as an objective diagnostic tool by detecting foveal and extrafoveal photoreceptor loss early in the course of Leber congenital amaurosis. Differences in the topography of residual photoreceptors suggest that it may be advisable to use individualized outer nuclear layer mapping to guide the location of subretinal injections for gene therapy and thereby maximize the potential for effi cacy. 
Best's Disease
Best's disease is an autosomal dominant inherited type of macular dystrophy. It is identifi ed by a large yellow yolk-like (vitelliform) lesion in the central macula. OCT can help defi ne the characteristics of this "egg yolk" appearance ( Figure 5) .
Furthermore, OCT has the ability to visualize CME that is associated with inherited retinal dystrophies ( Figure 6 ).
UVEITIS
The majority of pediatric uveitis cases are idiopathic. Nevertheless, etiological factors can be ascertained in some cases, with juvenile idiopathic arthritis accounting for approximately 75% of all pediatric anterior uveitis. 55, 56 In a study of macular morphology and retinal complications of juvenile idiopathic arthritis-related uveitis in 24 eyes of 14 children, Stratus OCT was able to detect macular edema in 25% of the eyes, most of which was mild and not clinically evident. 57 Because macular involvement could be underestimated by a traditional clinical examination, OCT might provide an additional diagnostic tool with much higher sensitivity for detecting maculopathy as a signifi cant complication of uveitis in children with juvenile idiopathic arthritis. Figure 7 shows OCT imaging of CME in the left eye of an 11-year-old boy with intermediate uveitis.
OPTIC NERVE HEAD ANOMALIES
OCT has been proven to measure the peripapillary RNFL thickness with excellent reproducibility, 58 and its role in the diagnosis and monitoring of various optic nerve head anomalies has grown in the pediatric population. In comparison with healthy controls, an increased RNFL thickness was observed in children with pseudotumor cerebri, 59 whereas RNFL measured thinner in the affected eyes of children with multiple sclerosis, acute disseminated encephalomyelitis, and optic neuritis.
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TUMORS
OCT is more sensitive than clinical examination and ultrasonography in the detection of retinal thinning, cystoid and non-cystoid macular edema, subfoveal fl uid, and surface wrinkling maculopathy. 61 However, ultrasonography is more sensitive in detection of posterior vitreous detachment. 61 Shields et al used OCT in the evaluation of pediatric fundus lesions in retinal capillary hemangioma, astrocytic hamartoma, and retinoblastoma. 61 Neurofi bromatosis type 1 (NF1) is the most common neurocutaneous disorder, with an approximate incidence of one in 3,500. 62 Optic pathway gliomas (OPG) develop in 15% of individuals with NF1, commonly in childhood, and are associated with signifi cant visual risks. OPGs are diffi cult to detect via clinical inspection in children, often requiring magnetic resonance imaging. Therefore, there is a need for improved noninvasive techniques to diagnose OPGs in children. Using Stratus OCT, Chang et al 63 found that NF1 subjects with OPGs had thinner RNFL (61 μm) and smaller macular volume (6.2 mm 3 ) when compared with age-matched healthy control subjects (108 μm, 6.8 mm 3 ) (P < .01). NF1 subjects without OPGs have equivalent RNFL thickness and macular volume as matched healthy control subjects. Therefore, OCT could be used as a noninvasive screening tool to determine the possibility of an OPG, thereby avoiding expensive MRI and possible risks of anesthesia in young children. OCT data can augment neuroimaging fi ndings in children with NF1 with suspected or known OPGs when correlated with clinical examinations and visual fi eld test fi ndings. Critical OCT changes in RNFL and macular thicknesses can establish appropriate treatment timing in children with NF1 with vision-threatening OPGs.
Using AS-OCT (Visante OCT 3.0; Carl Zeiss Meditec, Dublin, CA) in 200 eyes (including children), anterior segment tumors involving the iris stroma, ciliary body, iris pigment epithelium, conjunctiva, and sclera were imaged and compared to ultrasound biomicroscopy (OPKO Instrumentation/ OTI, Miami, FL). Ultrasound biomicroscopy provided superior visualization of the posterior margin and entire tumor confi guration.
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MISCELLANEOUS
Using Visante OCT, Bailey et al reported thicker ciliary body measurements with myopia and a longer axial length in children 8 to 15 years of age. 65 This AS-OCT fi nding contradicted the choroidal expansion theory and raised the possibility that there is a physiological response of the ciliary body in myopia rather than simple mechanical stretching.
Chow et al reported a case of secondary congenital aphakia diagnosed by using AS-OCT in a 
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7-year-old boy with nystagmus. 66 AS-OCT was of signifi cant prognostic and management value, because it provided high-resolution images of the anterior segment and revealed the presence of lens capsules. The child later benefi ted from bilateral sulcus-fi xated IOL implantation surgery.
Intraoperative OCT confi rmed the diagnosis of bilateral macular colobomata in a 3-year-old girl with Down syndrome. 67 Congenital aniridia is a heritable disease characterized by an obvious iris defect, small cornea, small disc, decreased visual acuity with nystagmus, cataract, and foveal hypoplasia (Figure 8 ).
CONCLUSION
The current generation of OCT technology is based on spectral-domain image acquisition. This involves the use of a spectrometer and a mathematical (Fourier) transformation to generate OCT A-scans as a function of frequency. The next generation of commercial OCT devices is likely to use swept-source technology to generate OCT images. With this approach, a tunable laser is used to generate OCT A-scans as a function of frequency. Sweptsource OCT devices will allow further increases in image acquisition speed. 68 For example, DRI OCT-1 (Topcon, Tokyo, Japan) will allow acquisition of approximately 100,000 A-scans per second. In fact, research prototypes using swept-source lasers are even faster, with some devices allowing millions of A-scans to be generated per second. This greatly enhanced image acquisition speed will be of particular interest for pediatric populations as it may facilitate wide-fi eld imaging of the fundus, greatly enhancing visualization of extramacular pathologies. Sweptsource devices will also employ long-wavelength OCT light sources, which will greatly augment visualization of the choroid (Figure 9) . 69 Longitudinal measurements of the choroid may be of particular interest in children because the results from animal studies suggest an important role for this structure in ocular development. 70 Greater OCT image acquisition speeds will also facilitate the development of "optical coherence angiography," the use of OCT to provide noninvasive mapping of the retinal and/or choroidal microvasculature (this technique is also commonly referred to as "phase contrast" or "phase variance" OCT). 68 With the exponential growth of these technologies, and their noninvasive nature, it seems clear that the use of OCT in pediatric populations is likely to increase greatly in the coming years, aiding clinical decision making and providing new insights into pediatric disease pathophysiology. 
